Background: Central venous pressure (CVP) and right atrial pressure (RAP) are important parameters in the complete hemodynamic assessment of a patient. Sonographic measurement of the inferior vena cava (IVC) diameter is a non-invasive method of estimating these parameters, but there are limited data summarizing its diagnostic accuracy across multiple studies. We performed a comprehensive review of the existing literature to examine the diagnostic accuracy and clinical utility of sonographic measurement of IVC diameter as a method for assessing CVP and RAP. Methods: We performed a systematic search using PubMed of clinical studies comparing sonographic evaluation of IVC diameter and collapsibility against gold standard measurements of CVP and RAP. We included clinical studies that were performed in adults, used current imaging techniques, and were published in English. Results: Twenty one clinical studies were identified that compared sonographic assessment of IVC diameter with CVP and RAP and met all inclusion criteria. Despite substantial heterogeneity in measurement techniques and patient populations, most studies demonstrated moderate strength correlations between measurements of IVC diameter and collapsibility and CVP or RAP, but more favorable diagnostic accuracy using pre-specified cut points. Findings were inconsistent among mechanically ventilated patients, except in the absence of positive end-expiratory pressure. Conclusion: Sonographic measurement of IVC diameter and collapsibility is a valid method of estimating CVP and RAP. Given the ease, safety, and availability of this non-invasive technique, broader adoption and application of this method in clinical settings is warranted.
Background
Measurement of central venous pressure (CVP) is a critical component of the complete hemodynamic assessment of a patient. CVP is considered equivalent to right atrial pressure (RAP) when the vena cava is continuous with the right atrium [1] . Central venous catheterization is the gold standard measurement of CVP and RAP [1] . However, widespread and routine use of this invasive procedure are limited by the risk of complications, including infection, catheter-induced thrombosis, and arrhythmias [2] . Therefore, noninvasive techniques to estimate CVP play a crucial role in promoting more widespread CVP evaluation in clinical practice [1] .
The inferior vena cava (IVC) is a compliant vessel whose size and shape vary with changes in CVP and intravascular volume [1] . Therefore, sonographic measurement of the IVC represents an effective and noninvasive method of estimating CVP [3, 4] . However, several factors may affect IVC size. Under normal physiologic conditions, IVC diameter decreases and venous return increases during inspiration due to negative intrathoracic pressure and positive intra-abdominal pressure [5] . IVC diameter also decreases during ventricular systole [1] . Additionally, patient position may affect IVC diameter, as the diameter is smallest when the patient is in the left lateral position and largest when the patient is in the right lateral position [6] . Awareness of these variables is critical to the accurate collection and interpretation of sonographic IVC measurements.
Early standards for sonographic IVC assessment called for measurements of the maximum IVC diameter (IVCmax) and the minimum IVC diameter (IVCmin) during the respiratory cycle [5] . An IVC collapsibility index (IVCCI), which correlates with RAP and CVP, can be calculated with the following formula: (IVCmax − IVCmin)/IVCmax [3] . Guidelines on echocardiographic chamber quantification published in 2015 from the American Society of Echocardiography recommend that the maximum IVC diameter be measured from the subcostal view with the IVC displayed along its long axis [7] . The diameter should be measured immediately caudal to the junction of the hepatic vein with the IVC and approximately 1-2 cm caudal to the junction of the IVC and the ostium of the right atrium [7] . Although prior iterations of these guidelines have recommended these measurements be performed with the patient in the left lateral position [8] and at the end of expiration [9] , the supine position is now recommended, and currently no specific recommendation is made as to the phase of the respiratory cycle during which to perform the measurement. Measurement of the IVCCI with a brief sniff is also recommended in combination with IVC diameter in order to estimate CVP as normal (0-5 mmHg), intermediate (5-10 mmHg), or high (10-20 mmHg) [7] .
A number of clinical studies have evaluated IVC diameter measurements as a method to estimate CVP and RAP, but the overall reliability and accuracy of this technique has not been systemically compared across multiple studies. We provide a comprehensive review of the existing literature to examine the reliability and accuracy of sonographic measurement of IVC diameter as a method for assessing CVP and RAP.
Methods
We performed a systematic literature search in PubMed with search terms "ultrasound of inferior vena cava and central venous pressure" and "ultrasound of inferior vena cava and right atrial pressure" to identify clinical studies that compared ultrasound measurement of IVC diameter and collapsibility against gold standard measurements of CVP and RAP. Only clinical research studies among adults that pertained to our objective, used up-to-date imaging techniques, and were published in English were included in our review. For each study, we collected data on study design, patient population, and major findings, including the correlation between invasive pressure measurements and IVC measurement parameters.
Results
Our literature search returned 214 journal articles, of which we excluded 13 studies that were performed in pediatric/fetal populations, 13 that were not clinical research studies, 149 that were unrelated to our objective, 17 that were not published in English, and 1 that used an obsolete imaging technique (Fig. 1) . A total of 21 studies that examined the correlation between sonographic measurements of IVC diameter and CVP or RAP were reviewed. The sample sizes across studies ranged from 22 to 175 patients, with a total of 1,430 patients across all studies combined.
In all studies, IVC measurements were taken from the supine position, using the subcostal view (Table 1) . However, there were substantial differences between the studies in terms of the patient population, use of mechanical ventilation with positive end-expiratory pressure (PEEP), mean CVP or RAP, and method of IVC diameter measurement. Furthermore, the specific IVC measurement The majority of studies reported statistically significant positive correlations between sonographic measurements of IVC diameter and CVP or RAP. All studies that examined the relationship between ultrasound measurements of maximum IVC diameter and CVP or RAP across the entire respiratory cycle, at end-expiration, or at end-inspiration reported positive correlations ( Table 2 ). All studies that provided p-values for the correlation reported statistically significant results at α = 0.05.
Multiple studies also reported statistically significant negative correlations between IVCCI and CVP or RAP (Table 3) . Although some studies measured IVCCI during passive inspiration while others measured it during forceful inspiration (sniff ), neither method had a consistently stronger correlation with invasive CVP or RAP measurements.
Several studies have also identified threshold levels of IVC size and collapsibility by which to estimate CVP or RAP (Table 4) . Although the specific threshold values for IVC size, IVCCI, CVP, and RAP varied slightly across studies, the diagnostic accuracy of IVC measurements parameters was generally high, with the C-statistic ranging from 0.76-0.91 for IVC diameter and 0.66-0.93 for IVCCI.
The reported correlations between IVC dimension and CVP in mechanically ventilated patients are generally weak and inconsistent across studies (Table 5 ). Approximately half of the studies in this patient population did not detect a statistically significant correlation. Correlations that did reach statistical significance in mechanically ventilated patients were mostly weak to moderate in strength. The notable exceptions were the two studies in which no PEEP was used during ventilation, with correlation coefficients 
Discussion
Overall, these findings support the use of sonographic measurements of IVC diameter to estimate CVP or RAP in spontaneously ventilating patients. Positive correlations were consistently reported between IVC size and CVP or RAP, and negative correlations were consistently reported between IVCCI and CVP or RAP. Although the correlations were generally only moderately strong, the diagnostic performance of pre-specified cut-points Kircher et al., [3] 83 <50 % RAP > 10 mmHg 0. was superior, and justifies the current guideline recommendations for estimation of right-sided filling pressure. Importantly, there was substantial heterogeneity across the studies reviewed in the timing of IVC size measurement with respect to the respiratory cycle. Although IVCe has previously been recommended as the preferred IVC parameter by which to estimate CVP or RAP [9] , the strength of the correlations between CVP and IVCe, IVCi, and IVCmax were similar. This is reflected in the most recent guidelines by the American Society of Echocardiography, which do not specify an optimal phase of the respiratory cycle during which to measure the maximal IVC diameter. The correlations between IVC dimension and CVP in mechanically ventilated patients were generally weak and inconsistently observed. Furthermore, the use and magnitude of PEEP varied greatly across studies of mechanically ventilated patients. Positive pressure ventilation leads to increased intrathoracic pressure, decreased systemic venous return, and increased volume of venous blood in the IVC. The dimension and distensibility of the IVC is consequently affected. Therefore, the use of IVC measurements to estimate RAP in mechanically ventilated patients is usually unreliable. Accordingly, 2015 guidelines from the American Society of Echocardiography recommend against their routine application in this setting [7] . However, in the study by Jue and colleagues, despite only a modest correlation between RAP and IVC dimension, these authors did find that an IVC diameter of 1.2 cm or less had 100 % specificity for a right atrial pressure less than 10mmHg, albeit with poor sensitivity (25 %) [12] . Therefore, a small IVC in the setting of mechanical ventilation may still point toward the absence of elevated RAP. In addition, the correlation of IVCe and RAP may still be valid in the absence of PEEP.
There are a few other notable circumstances in which IVC diameter may not correlate with CVP or RAP. First, the IVC may be dilated in young elite athletes with normal RAP, particularly swimmers. One study showed a mean IVC diameter of 2.3 cm in elite athletes compared to 1.3 cm in control subjects [13] . In addition, young patients with vasovagal syncope but no other cardiac history have been found to have increased IVC size as compared to controls, suggestive that venous pooling in young healthy patients may increase IVC size independent of any increase in atrial pressure [14] . Furthermore, the CVP or RAP can be highly dynamic, such as in the setting of severe tricuspid regurgitation, and IVC size should not be relied upon as an accurate estimate in this setting. Finally, invasive measurement of the CVP or RAP is also subject to its own pitfalls and measurement error. These can be numerous, and with accurate measurements being dependent on proper catheter function and pressure transduction, leveling, and tip positioning.
There was substantial heterogeneity across the reviewed studies with respect to patient population. Importantly, the validity of IVC measurements for CVP or RAP estimation may not be equivalent in all patient subgroups. One Only four studies included patients with atrial fibrillation [15] [16] [17] [18] , with such patients comprising a minority of the population in each study. None of these studies assessed the validity of these measurements specifically among patients with atrial fibrillation. Further investigation is warranted in these patients. Patients with a history of heart transplantation, included in several of the studies described in this review, represent another subgroup worthy of additional research. Whether mechanical disruption of the IVC with caval anastomosis affects its performance as an indicator of RAP has not been described, but could be clinically important.
There are only limited data suggesting an effect of body size on IVC diameter [19] , and to support indexing IVC diameter to body surface area (BSA) for the estimation of RAP. A study from 1981 observed a weak correlation of indexed IVC diameter with RAP [20] , and a more contemporary study showed no improvement in diagnostic performance of IVC measurements as an estimate of RAP with indexing to BSA [18] . A study from 2015 showed no improvement in diagnostic performance after indexing IVC diameter to BSA, but found a significantly lower optimal cut point for IVC diameter in the estimation of RAP among patients with small BSA [19] . Guideline recommendations currently do not recommend indexing IVC size to BSA.
One valuable application of non-invasive sonographic estimation of CVP may lie in serial measurements. IVC diameter has been shown to increase after fluid resuscitation and in association with concomitant increases in CVP [21] . Additionally, although the precision of IVCderived estimation of CVP may be reduced in heart failure, serial assessment can be performed in patients with decompensated heart failure in order to guide management [22] . This simple parameter, easily measurable at the point of care, has been found to offer as much precision as more complex estimates involving more variables [22] .
Simplification of IVC measurements could improve their standardization and application in clinical practice. In a pilot study, Martin et al. demonstrated success in training hospitalists to perform sonographic IVC measurements using an online module and a 1-day training session [23] . After the session, 8 of 10 hospitalists were able to accurately acquire and interpret IVC images in 5 of 5 patients and discern whether the IVCCI was greater than 50 % with 91 % accuracy. The success of this short training program not only exemplifies the ease of both IVC ultrasound training and use but also a model by which it could be applied more broadly.
Conclusion
Ultrasound measurement of the IVC at the point of care provides insight into hemodynamics in a rapid and noninvasive manner and can impact clinical decision making. Assessment of CVP, historically requiring invasive intervention, can be performed non-invasively with reasonable accuracy in most, but not all, clinical settings. Additional validation of IVC measurements for estimation of CVP may be indicated in specific subgroups of patients. Measurement of the IVC with portable ultrasound devices as well as additional health care provider training may allow for expansion of filling pressure estimation as an extension of the routine bedside clinical examination of all patients.
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